Polytypism is a special case of polymorphism where the two-dimensional translations within the layers are essentially preserved in a crystal. Polytypism has attracted growing interest in materials science among group IV [1] [2] [3] and group III-V [4] [5] [6] [7] [8] semiconductors. Recent efforts have been made to explore the electrical and optical properties of different polytypes of pristine crystals [9] [10] [11] [12] . However, relatively little is known about the complexity of point defects that may appear in different polytypes of a given crystal, which significantly influence their electrical and optical properties. As an illustrative example, we discuss briefly the case of a single substitutional defect and a vacancy-pair complex in silicon carbide (SiC) polytypes where SiC is a prototype material for polytypism and many forms can be relatively easily fabricated.
SiC is a typical semiconductor with tetrahedral bonds between Si and C atoms. The basal plane consists of a hexagonal lattice. Depending on the stacking sequences of Si-C bilayers perpendicular to the basal plane, one can build cubic (3C), hexagonal (typically 4H and 6H), or rhombohedral SiC polytypes. 3C SiC contains 3 Si-C bilayers in its unit cell with all cubic (k) stacking sequences. 4H-and 6H-SiC polytypes contain 4 and 6 bilayers in their primitive cell with cubic and hexagonal (h) stacking sequences such as hkhk in 4H and hk 1 k 2 hk 1 k 2 in 6H where the positions of the atoms in the third neighbor of the cubic k 1 and k 2 sites are different [see Fig. 1(a) ]. If N atom substitutes one C atom in these SiC crystals (N C defect) then two inequivalent substitutional sites will appear in 4H SiC whereas three sites will appear in 6H SiC. Correspondingly, one may assume that two (three) N C -related signals are expected in 4H (6H) SiC. Indeed, one, two, and three ionization energies are associated with N C in 3C, 4H, and 6H SiC, respectively [13] . The complexity of pair defects is even more pronounced than that of a single substitutional defect. For instance, divacancy, comprised of adjacent carbon and silicon vacancies, could have four possible configurations (e.g., h-k, k-h, h-h, k-k) in 4H SiC whereas there are six possible configurations in 6H SiC. Indeed, electron spin resonance (ESR) studies found 4 and 6 signals associated with divacancy in hexagonal polytypes (see Ref. [14] and references therein). According to these examples, a general rule may be invoked in the study of signals coming from unidentified defects in polytypic semiconductors that the number of signals should be equal to the number of possible configurations at inequivalent sites for substitutional or vacancy defects. This assumption a priori indicates that the formation energies are about the same for a given point defect (i) in different polytypes and (ii) at inequivalent sites within a polytype of a given crystal.
We report ab initio study on six transition metal (M) defects in 3C-, 4H-, and 6H-SiC polytypes. We found that there is a class of M defects that preferentially substitutes the Si site (M Si ). However, there is another class of M defects that can form a special asymmetric split-vacancy configuration in hexagonal SiC polytypes. The asymmetric split-vacancy defect is similar to the M Si -C vac complex where C vac labels C vacancy. We show that h-h configuration of these M Si -C vac defects in hexagonal polytypes are much more stable than any other pair configurations. As a consequence, only one signal among the possible four and six configurations of M Si -C vac defects is expected in 4H and 6H hexagonal polytypes, respectively, while M Si -C vac defects have much lower concentration than the M Si defect in cubic 3C polytype, and may not be detectable at all. The existence of an asymmetric split-vacancy defect is demonstrated by our ESR study on niobium doped 4H SiC. Our finding clearly indicates that (i) the relative stability of defects in between different polytypes may significantly change and that (ii) complex substitutional or vacancy defects may have very different stability among the possible configurations provided by the number of inequivalent sites in a given polytype. Furthermore, this proves that some point defects will preferentially form in hexagonal polytypes that may be absent in cubic polytype.
We used the density functional theory (DFT) based Vienna ab initio simulation package (VASP) [15] with the projector augmented-wave (PAW) method [16] and planewave basis set. In the case of metals we utilized small core PAW projectors. We applied plane-wave cutoff of 420 eV with À-point sampling of the Brillouin zone in 512-atom 3C-SiC, 576-atom 4H-SiC, and 432-atom 6H-SiC supercells. In these large supercells the À-point calculations provide convergent charge and spin densities and simultaneously allow us to monitor the degeneracy of the defect levels in the fundamental band gap. We applied both semilocal Perdew-Burke-Ernzerhof (PBE) [17] and nonlocal Heyd-Scuseria-Ernzerhof (HSE06) [18, 19] functionals in the calculations where the latter heals the band gap error of the PBE functional [20] . The defects were optimized in the supercell until all forces fell below 10 meV= # A in all cases. We calculated the adiabatic charge transition levels as explained in Ref. [21] .
We studied titanium (Ti), vanadium (V), niobium (Nb), chromium (Cr), molybdenum (Mo), and tungsten (W) impurities in 3C, 4H, and 6H polytypes of SiC. The motivation of this selection was twofold: (i) experimental data were available for most of these impurities in SiC [13, 22, 23] , which made a comparison between theory and experiment possible, (ii) the trends could be studied among 4s 2 3d 2 -3d 4 M defects and among 4s 2 3d 4 -6s 2 5d 4 M defects (see Fig. 1 ). We refer only to these six selected impurities as M defects in the rest of this Letter. We found that the interstitial and carbon substituting M defects have very high formation energies in any SiC polytypes and will not be considered further. Two configurations have the lowest formation energies: (i) M impurity substitutes Si, M Si , in other words, occupies Si vacancy, (ii) M Si forms a complex with C vacancy, in other words, M impurity occupies divacancy. A schematic diagram of the relative stabilities and defect structures is shown in Fig. 1 .
It is instructive to discuss the electronic structure of M Si and M Si -C vac defects before providing their calculated geometries and formation energies because the formation energy may depend on stoichiometry of SiC and the charge state of the defect provided by the actual position of the Fermi level [24] . The early first row M Si defects were already analyzed in Ref. [25] where local density approximation was applied with a scissor operator in 3C-and 4H-SiC polytypes. We briefly give the main finding: the d states of M impurity will split in T d and C 3v crystal fields of 3C and hexagonal polytypes, respectively. In the case of 3C SiC the five d orbitals split as t 2 and e levels where the t 2 level will recombine with the C sp 3 dangling bonds while the e level remains atomiclike. This e level will be filled by 0, 1, 2 electrons when M ¼ Ti; V; Cr, respectively. The position of the e level tends to lie closer to the valence band edge (E V ) which gets occupied. In hexagonal polytypes we gave a detailed group theory analysis for the case of Mo Si [22] , which is basically valid for the first row M Si defects with taking into account the occupation of the 3d orbital: in that case the five d orbitals will split as fa 1 ; eð1Þg and eð2Þ orbitals where fa 1 ; eð1Þg is similar to the t 2 state in 3C SiC, but the slight mixture between eð1Þ and eð2Þ is allowed by symmetry. Generally, high spin states are the ground state of M Si defects because the Hund rule is valid for degenerate atomiclike orbitals. For instance, the eð2Þ level is occupied by two electrons with parallel spins resulting in an S ¼ 1 state for neutral Cr, Mo, W, and negatively charged V, Nb substituting the Si site.
It is important to notice that the states originated from strongly localized d orbitals may be not well described by the semilocal PBE functional that was partially discussed in Ref. [25] . According to our HSE06 calculation, the position of the fully occupied eð2Þ level in the spin-up channel (S ¼ 1, M S ¼ 1) will shift down with respect to E V by about 1.0, 0.3, 0.1 eV compared to PBE values for M ¼ Cr; Mo; W, respectively, whereas the gap ''opens'' by 0.93 eV. The defect states are qualitatively well described by the PBE functional; however, a gap correction is needed for calculation of charge transition levels, and the eð2Þ level is not pinned to E V . The calculated energy difference between cubic and h sites of M Si defects is within 0.1 eV for any M impurity in any charge state in hexagonal polytypes. This result was obtained by both PBE and HSE06 functionals. This small energy difference (i) indicates that the concentration of M Si defects is about the same, so 2 (3) signals are expected for M Si defects in 4H (6H) polytypes, (ii) allows us to discuss the possible charge states of the defects only at the h site in hexagonal polytypes. According to the aforementioned analysis, Ti may be negatively charged, and V, Nb, Cr, Mo, and W may be positively or negatively charged by filling or emptying the eð2Þ level. In this Letter we focus on the conditions of the formation of these defects. SiC is usually grown by chemical vapor deposition (CVD), high temperature CVD (HTCVD), or physical vapor transport (PVT), which may be considered as a quasiequilibrium process at relatively high temperatures (1600-1900 K in CVD and above 2300 K in HTCVD and PVT) where the Fermi level tends to lie close to midgap. If M impurities were introduced into SiC by implantation, then many defects would be created that compensate the sample; thus, the quasi-Fermi level is also set close to midgap. The stochiometry of SiC samples depends on the growth parameters; C vacancy is often present in HTCVD and PVT SiC samples confirmed by ESR [26] . All in all, we consider the formation energy of M Si and M Si -C vac defects where the Fermi level is not far from midgap and in Si-rich condition.
Next, we describe the M Si -C vac complex. As can be seen in Fig. 1(d) this complex is rather a split-vacancy defect where the M impurity sits in divacancy. In this compound semiconductor the M impurity is not exactly in the middle of divacancy but stays closer to the Si vacancy by about 0.4 Å than to C vacancy, forming an asymmetric splitvacancy (ASV) configuration. Symmetric split-vacancy configuration is very well known in homopolar semiconductors possessing D 3d symmetry [27] . However, the highest symmetry of ASV defects is C 3v in heteropolar 3C SiC, and at the axial configurations in hexagonal polytypes, whereas the symmetry is reduced to C 1h at basal configurations. We analyze the C 3v symmetry configuration by invoking the defect-molecule picture and group theory. In divacancy the silicon and carbon dangling bonds create two a 1 and two e states where the highest energy of the e state is localized on the silicon dangling bonds (C vacancy). The s orbital of the M impurity transforms as a 1 while the d orbitals split to one a 1 and two e states. The a 1 states of the divacancy and M impurity can recombine as well the corresponding e states resulting in a 1 , a 1 1 ; e Ã levels in the fundamental gap of hexagonal polytypes for these defects as well, so they can also be negatively ionized. We calculated the defects in all of these charge states. Briefly, these defects will be either neutral or negatively ionized in hexagonal polytypes under experimental conditions of formation.
The formation energies of the most stable h-h ASV configurations are compared with M Si defects in 4H SiC in Fig. 2 . The results are the same within 0.1 eV in 6H polytypes. Apparently, the formation energies of ASV complexes are comparable to simple M Si defects for M ¼ Nb; Mo; W impurities in hexagonal polytypes. This means that ASV complexes may form with similar concentration as M Si defects in hexagonal polytypes. This is particularly true for the Si-rich condition where many C vacancies are formed. According to our calculations, ASV has extremely high stability for M ¼ Nb; Mo; W impurities where the binding energy between M Si and C vac is over 4 eV. This also means that diffusing C vac , that is mobile at typical growth temperature, is trapped very effectively by these M impurities. In the case of M ¼ Ti; V; Cr, M Si is definitely preferred. Indeed, 2 (3) photoluminescence, deep level transient spectroscopy and ESR signals were found associated with these M impurities in 4H (6H) SiC [13, 28] that can be explained by the number of inequivalent substitutional sites in these polytypes, while only a single ESR line was observed for Mo [28] and W [29] in 6H SiC. We note here that the PBE functional makes ASV defects much more preferable. The reason is that the atomiclike e state of M Si shifts down with a considerable amount in HSE06 calculation with respect to PBE calculation while the e state of ASV defects is heavily mixed with the Si dangling bonds, so they are pinned to E V . As a consequence, the formation energy difference increases in HSE06 calculations with respect to PBE calculations. This sheds light on the importance of using nonlocal DFT functionals when relative stabilities of transition metal defects are studied in semiconductors.
Moreover, we found that h-h configurations of ASV defects are much more stable than any other combinations involving cubic sites in hexagonal polytypes for M ¼ Nb; Cr; Mo; W. The next stable configuration is MðhÞ-C vac ðkÞ with an energy difference of more than 0.6 eV, at least among these M impurities. The reason for the exclusive site selection is due to the comfortable situation of the fd xy ; d xz g and fd yz ; d x 2 g orbitals which can only maximally overlap with Si dangling bonds of C vac if first neighbor Si atoms of C vac are placed just above the first neighbor C atom of the M impurity [see Fig. 1(d) ]. In any other configuration of C vac , the d states have to ''twist'' in order to form a molecular orbital with Si dangling bonds. As a consequence, the corresponding e defect state lies deeper in the gap for h-h configuration than for other configurations, lowering its formation energy. We note that the k-k configuration is, at least, more than 1.0 eV less stable than h-h configuration in hexagonal polytypes. This explains our finding in cubic polytype: M Si defects are much more stable than ASV defects for any M impurity.
Finally, we demonstrate the existence of ASV defects in 4H SiC by ESR study. We chose Nb impurity for which the existence of ASV configuration is most likely among M defects according to our calculations (see Fig. 2 ). The 4H SiC samples used in this study were grown by high-temperature CVD in a reactor with several parts made of NbC. The samples are semi-insulating and the concentration of unintentionally incorporated Nb is $3 Â 10 16 cm À3 as determined by secondary ion mass spectrometry. We found only one Nb-related ESR spectrum with a clear hyperfine (hf) structure consisting of 10 equal-intensity lines characteristic for a hf interaction with one 93 Nb atom (see Fig. 3 ). The defect shows C 1h symmetry with S ¼ 1=2 spin state. Beside the main ESR line of Nb, hf signals of two symmetrically equivalent Si atoms are detected. Analyzing the observed angular dependences of the 93 Nb and 29 Si hf lines using the spin Hamiltonian Si hf tensors, spin localizations on Nb ($ 40:3%) and two Si neighbors ($ 30:3%) were estimated, indicating considerable localization of spin density on two Si atoms near Nb impurity. According to the theory, only the neutral Nb Si or Nb Si -C vac ASV defects may have S ¼ 1=2 spin state. In these cases, the appropriate e level of Nb Si is occupied by one electron while it is occupied by three electrons in the Nb Si -C vac ASV complex. Both cases are the subject of Jahn-Teller distortion with reducing the symmetry from C 3v to C 1h , which is pronounced for the ASV complex where the d orbitals are mixed with Si dangling bonds of C vac . The spin density distribution is significantly different between Nb Si and Nb Si -C vac [see Figs. 1(c) and 1(d) ]. In Nb Si , it is localized almost entirely on the d orbitals of Nb whereas it is considerably mixed with two Si dangling bonds in Nb Si -C vac . This excludes Nb Si as the origin of our Nbrelated ESR signal while it strongly implies the ASV model. The calculated formation energies explain why only a single Nb-related signal was measured in the 4H polytype of SiC. Our preliminary ESR study of Nb-doped 6H SiC also shows only one Nb-related spectrum with C 1h symmetry that further supports our conclusion.
In summary, we proposed for some transition metal impurities that asymmetric split-vacancy defects can form in hexagonal polytypes of SiC that are stable only at h-h configuration. ESR studies confirmed this proposal for niobium impurity. Our finding indicates that some electrically and optically active defects may appear in hexagonal polytypes that are absent in cubic polytype, and the number of signals may not follow the number of possible configurations in a given polytype.
Support from the Swedish Foundation for Strategic Research, the Swedish Research Council, the Swedish Energy Agency, the Swedish National Infrastructure for Computing Grants No. SNIC 011/04-8 and No. SNIC001-10-223, and the Knut and Alice Wallenberg Foundation is acknowledged.
